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SUMMARY 


An  experiment  has  been  performed  employing  a  specially  designed  high 
temperature  electron  bombardmenbresistance  furnace  indicating  the  formation 
of  AlOF  as  a  result  of  the  reaction*  (T  ~  2223^) 

AlFgCg)  +Al203(s)  »  aA10F(g) 

Based  on  the  assumption  that  equilibrium  conditions  exist*  a  preliminary  heat 
of  formation  for  AlOF  at  298^  of  -128  til  kcal/moie  is  obtained. 

A  mathematical  treatment  of  the  BOF  monomer  data  presented  in  the  Fourth 
Quarterly  Report^  indicates  a  value  for  the  entropy  at  S29g|(BOF(g)  of  53. 1 

t  A.  2  cal/°/mole. 

The  molecule  (11602)3  has  boon  studied  in  a  transpiration  experiment  in 
which  argon  saturated  with  water  is  passed  over  heated  boric  oxide.  The 
possibility  that  several  species  are  present  in  the  reaction  mixture  is  considered* 
and  a  mathematical  treatment  of  the  data  under  these  conditions  is  given. 


I.  INTRODUCTION 

The  object  of  this  research  Is  to  obtain  definlUvo  values  for  the  themo- 
dynamic  properties  of  various  species  which  are  found  in  the  exhaust  gases 
of  high  performance  rocket  engines;  specifically  the  oxides  and  oxyhalides 
of  the  light  metals  such  as  boron  and  aluminum.  The  present  report  discusses 
ivorfc  done  on  the  molecules  AlOF*  BOP«  HBO2  and  (HB02)3. 


n.  STUDY  OF  AlOF 
A.  Introduction 

The  reaction  chosen  for  the  study  of  AlOF  is  the  one  betvreen  AIF 3 
and  AI2O3, 


AlF3(g)  4Al203(s)  »  3A10F(g)  (1) 

The  reactions  botura^n  AI2O3  and  F(g)  or  HF(g)  to  produce  AlOF  were  excluded 
because  of  the  overwhelming  competition  from  the  reactions  which  produce  AIF 3 
instead  of  AlOF.  Using  the  data  in  the  JANAF  Tables*^  it  is  possible  to  calcu¬ 
late  the  approximate  experimental  conditions  which  are  necessary  to  make 
reaction  (1)  go  to  the  extent  that  it  can  be  studied  by  gravimetric  techniques. 

Some  of  these  calculatic.is  are  given  in  the  Fifth  Quarterly  Report.  ^  The 
conclusion  is  that,  even  if  the  heat  of  formation  of  AlOF  is  less  than  that  given 
in  the  JANAF  Tables,  the  study  of  the  reaction  is  not  possible  below  about 
1900^.  Experiments  at  1870^,  in  which  AIF3  vapor  was  passed  through  a 
sapphire  tube,  showed  either  no  weight  loss  for  the  sapphire  tube  or  an  actual 
weight  gain. 

The  sapphire  tube  was  heated  in  a  combustion  furnace  which  has  an 
upper  temperature  limit  of  1870^.  To  overcome  this  temperature  limitation, 
a  new  furnace  using  electron  bombardment  or  resistance  heating  was  constructed. 
Since  this  new  furnace  is  constructed  entirely  of  tungsten  and  tantalum,  it 
has  the  melting  point  of  tantalum  (3300\)  as  its  upper  temperature  limit.  The 
reaction  shown  in  Eq.  (1)  has  been  studied  with  the  electron  bombardment 
furnace,  and  evidence  for  the  production  of  AlOF  has  been  observed  at  a  tempera¬ 
ture  of  2223^  and  a  pressure  of  AIF..  which  is  estimated  to  be  between 

-4  -7 

6.5  X  10”^  atm  and  8.5  x  10  atm. 
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B.  Experimental 

The  properties  of  MOP  were  studied  in  a  transpiration  experiment  in 
which  AlFg  vapor  was  passedthrough  a  heated  M20g  tube*  The  extent  of  the 
reaction  was  determined  from  the  weight  loss  of  the  M2O2  tube  and  the  flow 
rate  of  AIF3  vapor. 

A  schematic  drawing  of  the  apparatus  is  shown  in  Fig.  1  and  photo¬ 
graphs  of  the  high  temperature  furnace  and  the  M2O3  reaction  vessels  are  shown 
in  Figs.  2  and  3. 

The  high  temperature  furnace  consists  of  a  tube  of  20  mil  tantalum « 
one  inch  in  diameter  and  three  inches  in  length.  This  tube  is  surrounded  by 
fine  concentric  radiation  shields  of  2  mil  tantalum  foil*  The  ends  of  the  tube 
are  closed  by  removable  plugs  made  of  three  layers  of  2  mil  tantalum  foil*  Inside 
the  tantalum  tube  are  12  filaments  of  coiled  tungsten  wire  which  run  the  length 
of  the  furnace*  The  furnace  can  be  heated  to  at  least  2300^  by  direct  re¬ 
sistance  heating  of  these  12  filaments «  or  it  can  be  heated  to  higher  temperatures 
by  bombarding  a  target  with  electrons  which  are  emitted  from  the  filaments* 

When  it  is  operated  as  an  electron  bombardment  furnace,  the  target  is  made 
several  thousand  volts  positive  with  respect  to  the  filaments*  The  energy  that 
the  electrons  gain  in  falling  through  this  potential  drop  is  given  up  to  heat  the 
target* 

The  vacuum  envelope  for  the  furnace  is  a  piece  of  commercial  glass 
pipe  (Corning  Pyrex)  six  Inches  in  diameter  and  eighteen  inches  in  length  with 
a  2  inch  side  arm.  The  ends  of  this  glass  pipe  have  grooves  into  which  0-rings 
can  be  fitted*  One  end  of  the  pipe  is  closed  by  an  0-ring  and  an  aluminum 
plate,  the  other  end  by  an  0-rlng  and  the  aluminum  base  plate  upon  which  the 
furnace  elements  are  supported*  Electrical  connections  to  the  furnace  are  made 
through  ceramic  Insulators  in  the  furnace  support  plate. 

The  reaction  vessel,  which  is  also  the  source  of  M2O3  for  the 
reaction,  is  a  tube  of  recrystallized  alumina  with  an  inside  diameter  of  1/8  inch, 
an  outside  diameter  of  1/4  inch  and  a  length  of  3  1/2  inches*  The  reaction 
tube  enters  the  furnace  from  the  bottom*  The  end  of  the  tube  is  about  one  inch 
from  the  top  of  the  furnace.  This  insures  that  the  exit  end  of  the  tube  is  at 
the  maximum  temperature  of  the  furnace.  If  there  were  a  decreasing  temperature 
gradient  along  the  tube ,  any  AlOF  which  was  formed  would  disproportionate 
into  AIF3  and  AI2O3  at  the  lower  temperature*  The  AI2O3  would  be  deposited 

on  the  reaction  tube ,  and  the  reaction  could  not  be  detected*  The  reaction  tube 
^Obtained  from  McDanel  Refractory  Porcelain  Company 


Fig.  1.  Schematic  Drawing  of  the  High  Temperature  Furnace 
and  the  AI2O2  Reaction  Vessel 
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Is  contained  in  a  larger  protective  tube  oi  recrystalliied  alumina  which  passes 
t  through  the  entire  furnace.  The  purpose  of  this  protective  tube  is  to  prevent 

condensation  of  tungsten  and  tungsten  oxide  on  the  reaction  tube,  and  to 
prevent  AIF^  from  coming  in  contact  with  the  hot  tungsten  filaments. 

The  AIF3  vapor  for  the  reaction  is  generated  by  heating  solid  AIF 3 
in  a  tube  made  of  recrystallized  alumina.  The  tube  has  an  inside  diameter 
of  1/4  inch,  an  outside  diameter  of  3/8  inch,  and  a  length  of  1  5/8  inches. 

It  is  closed  on  one  end,  and  it  is  attached  to  the  reacUon  tube  on  the  other 
end  by  means  of  a  tapered  ground  Joint.  This  tight~fittlng  joint  insures  that 
all  of  the  AIF 3  leaving  the  evaporator  passes  through  the  reacUon  tube,  and 
it  allows  the  tvro  tubes  to  be  separated  for  weighing.  The  tube  containing  the 
solid  AIF3  is  surrounded  by  a  heater  of  2  mil  tantalum  foil,  the  heater  being 
constructed  so  that  there  is  a  temperature  gradient  increasing  toward  the  furnace. 
Thus,  once  the  AIF 3  evaporates,  it  will  not  condense  on  the  reaction  tube. 

During  an  experiment,  AIF3  vapor  at  a  given  pressure,  which  depends 
on  the  temperature  of  the  tantalum  foil  heater,  passes  through  the  reaction 
tube.  About  one-half  of  the  reaction  tube  is  at  the  maximum  temperature  of  the 
furnace.  At  this  temperature,  the  AIF3  vapor  reacts  with  the  inner  walls  of  the 
)  ^2^3  produce  AlOF .  The  AIF 3  and  AlOF  flow  out  of  the  furnace 

through  the  large  AI2O3  protective  tube  and  condense  on  a  metal  plate.  The 
extent  of  the  reaction  is  determined  by  the  loss  in  weight  of  the  reaction  tube. 

C.  Discussion 

An  experiment  at  2223^  showed  a  weight  loss  in  reaction  tube  which 
Indicated  that  a  reaction  had  taken  place  to  form  AlOF.  Since  this  temperature 
is  near  the  melting  point  of  AI2O3  (2318^),  there  exists  the  possibility  that 
AI2O3  is  evaporating  as  well  as  reacting.  Several  blank  runs  were  made  in 
which  the  AI2O3  reaction  tube  was  heated  in  vacuum.  The  initial  blank  weight 
loss  was  10  mg/hr,  but  it  decreased  to  1.  3  mg/hr  as  the  total  weight  loss 
approached  one  percent  of  the  weight  of  the  tube.  The  stated  purity  of  the 
recrystallized  alumina  tube  was  99  plus  percent.  It  appears  that  the  purity  was 
about  99  percent,  the  initial  high  blank  weight  loss  being  due  to  the  evaporation 
of  impurities. 

Brewer^  has  proposed  the  following  mechanism  for  the  evaporation 
of  liquid  AI2O3 

^1203(1)  =  2A10(g)  +  0(g) .  (2) 
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1(  this  tame  mechanism  holds  for  evaporaUon  of  the  solid « the  vapor  pressure 
of  A10(b)  at  2223^«  based  on  the  data  in  the  JANAF  Tabies«  is  1. 0  x  10*^  atm. 
The  minimuHi  pressure  in  the  vacuum  system  during  the  experiment  was  8. 5  x 
10*^  aim.  Therefore «  it  appears  reasonable  to  expect  some  vreight  loss  due  to 
the  evaporation  of  Al203(s). 

The  temperature  was  measured  with  a  Leeds  and  Northrup  optical 
pyrometer  which  was  calibrated  against  the  melting  point  of  AI2O3.  The  AI2O3 
melted  at  an  observed  temperature  of  2278^  as  compared  with  the  published 
value  for  the  melting  point  of  2318^.  The  radiation  coming  from  inside  the 
furnace  apparently  approached  that  of  a  black  body.  A  piece  of  the  recrystaliised 
alumina  tube  was  used  for  the  calibration.  Since  it  had  not  been  previously 
heated « it  could  have  contained  up  to  one  percent  impurity  which  would  have 
lowered  its  melting  point.  Because  of  the  rather  close  agreement  between  the 
observed  and  published  values  for  the  melting  point  of  AI2O3,  the  observed 
temperature  was  taken  to  be  the  true  temperature. 

The  furnace  was  evacuated  with  a  three-stage  oil  vapor  pump  of 
25  liters/sec  capacity.  Because  of  the  low  pumping  speed  and  the  degassing 
of  the  furnace «  the  best  vacuum  possible  was  between  1  x  10  ^  mm  Hg  and 
6  X  10'^  mm  Hg. 

The  flow  of  AIF,  vapor  in  the  reaction  tube  produced  a  pressure 

«  5 

drop  which,  under  conditions  of  molecular  flow,  is  given  by 


P 


2 


=  £L 

F 


F 


K  X 


11.428  a^ 


where 

P2  -  Pj  =  pressure  drop  along  tube 

Q  =  flow  rate  of  gas 

F  =  conductance  of  tube 

K  =  Clausing  factor  for  tube 

a  =  radius  of  tube 

T  =  temperature 

M  =  molecular  weight  of  gas 
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'  That  section  of  the  tube  which  was  in  the  furnace  has  an  inside 
diameter  of  0*  3  cm  and  a  length  of  5  cm*  These  dimensions  give  a  Clausing 
factor  of  0. 0761  and  a  conductance  of  0. 1  liter/sec.  At  a  Dow  rate  of 
3.58  X  10“^  moles/sec«  the  pressure  drop,  Pj  -  Pj,  is  6.5  x  10  ^  atm.  Since 
the  pressure  at  the  exit  end  of  the  tube  is  8*5  x  10  ^  atm,  P2  ^6*5  x  10  ^  atm* 
Thus,  the  pressure  of  AIF3  in  various  parts  of  the  reacUon  tube  varies  between 
the  limits  of  6.5  X  10*^  atm  and  8.5  x  10*^  atm. 

The  equilibrium  constant  for  the  formation  of  AlOF  is  given  by  the 
expressions 


where 

e  s  extent  of  the  reaction 
P  7  total  pressure 

The  experimental  data  are  summarized  in  Table  I.  At  2223^,  a 
value  for  c  of  0. 141  was  measured.  If  the  pressure  is  taken  as  the  moyamum 
pressure  in  the  reaction  tube,  6*5  x  10  ^  atm,  the  equilibrium  constant  for 

.Q 

the  formation  of  AiOF  is  7.48  x  10  ;  and  if  the  pressure  is  taken  as  the  minimum 

_7 

pressure  in  the  vacuum  system,  8.5  x  10  atm,  the  equilibrium  constant  is 
1.27  X  10”^^.  The  corresponding  values  for  the  free  energy  oi  the  reaction 
calculated  from  the  relationship 

AF  =  -  RTlnK 

are  82.7  and  141  kcal/mole.  These  values  combined  with  the  data  in  the 
JANAF  Tables  for  Al203(s)  and  AlFgCg)  give  a  value  for 
-122  1 10  kcal/mole.  Use  of  the  (F-H290)A  data  in  the  JANAF  Tables  for 
Al203(s),  AlF3(g)  and  A10F(g)  gives  a  value  for  ^£298K^^^^^^ 
kcal/mole  as  compared  with  the  calculated  value  of  -121  -  20  kcal/mole. 

This  preliminary  value  is  based  on  the  assumption  that  equilibrium  conditions 
exist,  but  no  experimental  verification  of  this  assumption  has  been  made. 
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D.  Future  Work 

The  large  uncenalnty  In  the  heat  of  formaUon  of  AlOF  it  due  prlraaray 
to  the  uncertainty  in  pretture.  An  effusion  cell  it  more  suitable  for  the  study 
of  this  reaction  since  the  pressure  of  both  AIF^  and  AlOF  can  be  accurately 
calculated  from  the  flow  rates  of  these  materials  and  the  dimensions  of  the 
orifice*  Varying  the  orifice  site  alto  gives  information  about  the  attainment 
of  equilibrium* 

During  the  next  report  period  an  aluminum  oxide  effusion  cell  vriU 
be  used  in  the  study  of  AlOF*  A  vacuum  system  with  a  pumping  speed  of  7S0 
liters/sec  is  under  construction  and  will  be  used  to  produce  the  necessary 
low  pressures  for  the  effusion  cell  experiments* 


>  m.  THERMODYNAMICS  OF  MONOMER  BOF 

i 

A.  IntraducUon 

In  the  Fourth  Quarterly  Report  ^  a  value  of  -142-  3  kcal/inole  Cor  the 
heat  of  formation  of  the  monomer  BOF  at  298^K  was  reported.  This  value  was 
determined  by  moans  of  a  third  law  analysis  of  data  obtained  by  means  of  a 
new  experimental  technique  knovm  as  Molecular  Flow  Reaction  Studies.  The 
third  law  method  for  analysing  data  requires  a  use  of  entropies  obtained  from 
another  source.  As  a  consequence,  the  entropy  change  for  the  reaction  urxler 
study  Is  not  determined.  In  the  present  report  the  results  of  a  least  squares 
analysis  of  the  data  presented  In  the  Fourth  Quarterly  Report^  for  both  the 
entropy  and  the  heat  of  formation  of  monomer  BOF  are  given.  In  the  analysis 
which  follows  account  Is  also  taken  of  any  trlmer,  (801)3,  which  may  be  present. 

B.  Theory 

In  this  analysis  It  will  be  assumed  that  the  following  two  reactions 
are  occurring  at  every  temperature: 


C' 


8203(1)  +  BF3(g)  3BOF(^ 

8303(1)  +  BF3(^.^  (BOn3(g) 

The  following  expressions  will  be  used  in  the  derivation  of  the 
equilibrium  constant  for  reaction  (3): 


(3) 

(4) 


BOF 


(BOF). 


s  the  partial  pressure  of  BOF 


=  the  partial  pressure  of  (801)3 


Pgp  =  the  partial  pressure  of  BF3 


(! 


^F 


//Oi 


(BOF), 


=  the  total  pressure 


=  moles  of  BOF  that  leave  the  reaction  zone  in  one  hour 


=  moles  of  (BOF)o  that  leave  the  reaction  zone  in  one 
hour 
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molM  of  BOF  formod  or  colliding  with  the  reaction 
surface  per  hour 


'bof 


P^p(3600)A 


(BOf). 


moles  of  (BOF^formed  or  colliding  with  the  reacUon 
suiface  per  hour 


^(BOO, 


(2W'RTM 


(Bon< 


/Zq 


moles  of  BF3  that  strike  the  reaction  surface  per  hour 


PbPjOBOO) 

'^*'3  (2  9rRTMgp^)^^^ 


Area  of  reaction  surface 


Moles  of  B2O3  that  react  and  leave  the  reaction 
surface  per  "^hour 


Mbof  =  Molecular  weight  of  BOF 


^(BOF)  “  Molecular  weight  of  (BOF) 3 
3 

Mgp  =  Molecular  weight  of  BF3 
3 


/^p//^p  =  Ratio  of  molecules  leaving  to  those  formed  and 
entering  the  reaction  zone  during  one  hour 

//j^rA  =  Ratio  of  molecules  leaving  to  those  formed  and 
entering  the  reaction  zone  during  one  hour 
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//dp  *  molecules  leaving  to  those  striking  the 

"3  "3  reaction  surface  In  one  hour 

The  ratio  of  escape  Is  Independent  of  the  type  of  molecule  (6);  therefore,  we 
obtain 


and 


Upon  substituting  for  /g^p  ,  /bf'  '  obtain 

3  3 


M _ //I 


BOF 


\SQL 


M 


BF, 


BBL 


BF, 


The  total  pressure  in  dynes  per  sq.  cm.  over  the  reaction  zone  is 

^  ^  ^’bOF  *  **(00^3  *  ^’bFj 
On  subsUtuUng  for  Pg^p,  •  and  Pgp^^  obtain 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 
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At  all  times  the  following  material  balance  Is  valid: 


Similarly  we  have 


**(0003  “  ^*^BOF 


On  solving  equation  (14)  for  ^0q|!).  and  substituting  the  resulting  expression 


Into  equation  (13) .  we  obtain 


p/;, 


Upon  substituting  equation  (16)  into  equation  (11)  for  P^p  ,  we  obtain 

r  ‘ 

**  V^BFs/  ®2°3  J  BOP 


(BOO. 


/->  1/3  +  i-i 

^*^3  VMgp^'  [  ®2®3  ys 


The  equilibrium  expression  for  reaction  (4)  is  as  follows: 

^(BOO, 

•'2  =  -p:r^ 


On  substituting  equations  (16)  and  (17)  into  equation  (18) ,  we  obtain 


h  = 


\  1/2 


»2°3  'h 
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%irhlch  rMnangtt  to 


nie  equlUbrlum  expression  for  reaction  (3)  Is  as  follows: 


Upon  substituting  equation  (10)  into  equation  (21)  for  PgQp  *  obtain 


and  on  substituting  equatlonsfl 6)  and  (20)  into  equation  (22) ,  we  obtain 


Equation  (23)  may  be  used  to  determine  the  values  of  both  of  the 
equilibrium  constants  from  a  properly  selected  set  of  equilibrium  data,  or  it 
may  be  used  to  evaluate  one  of  the  constants  if  the  value  of  the  second  constant 
is  known.  In  the  present  instance  the  data  have  not  been  taken  in  a  manner 
which  would  allow  the  determination  of  both  of  the  constants .  As  a  consequence , 
in  order  to  obtain  values  for  ,  it  becomes  necessary  to  obtain  the  values  of  K2 
from  another  source.  We  have  taken  our  values  of  K2  from  Ref.  2.  The  resulting 
values  of  are  listed  in  Table  II. 
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TABLE  n 

THERMODYNAMIC  PROPERTIES  FOR  THE  EQUILIBRIUM  ^ 
BjOjO)  +  BF3(9)4ZZf  3BOFfe) 


Run  No. 

Temp. 

rto 

“d 

AF 

.  kcal 

^BOF/^F) 

103 

1000 

0 

104 

1000 

- 

- 

0 

105 

1100 

2.48 X 10"^^ 

S3. 4 

16.4 

106 

1100 

8.92  X  10"^^ 

55.6 

10.7 

107 

1200 

1.51 X 10"^° 

55.9 

66.2 

108 

1200 

3.57X  10"^° 

51.9 

66.2 

109 

1200 

9.62 X 10"^° 

49.5 

154.8 

no 

1007 

- 

- 

0 

111 

1148 

5.67 X  10"^^ 

53.9 

18.4 

112 

1054 

4. 83 X  10"^^ 

69.0 

0.6 

113 

1150 

3. 78 X 10"^^ 

54.9 

18.4 

114 

1098 

5.54 X  10"^^ 

61.6 

3.0 

115 

1203 

1.65  X 10"^® 

53.8 

31.1 

116 

1075 

4. 99 X  10“^^ 

65.4 

1.3 

117 

1174 

3. 39 X  10"^^ 

56.2 

15.2 

118 

1151 

9.11 X  10"^^ 

58.1 

8.8 

119 

1253 

3.72  X  10"^° 

54.1 

44.6 

120 

1252 

7.61 X 10"^° 

52.2 

78.9 

121 

999 

- 

- 

0 

16 


According  to  theory*  the  values  of  aro  related  to  the  absolute 
temperature  in  the  following  manner: 

is  the  entropy  change  and  is  the  enthalpy  change 
for  the  reaction  under  study.  The  values  of  ASj^  and  were  evaluated  by 

means  of  a  least  squares  treatment  of  the  experimental  data .  The  results  are 
tabulated  in  Table  m.  In  this  analysis  it  was  necessary  to  neglect  that  data 
taken  at  temperatures  below  iOSO^K  as  calculations  indicated  that  the  product 
was  nearly  100%  trlmer  at  these  temperatures.  This  resulted  in  meaningless 

values  for  K,  under  these  conditions.  The  values  listed  in  Table  m  apply  to 

^  o  * 

an  average  temperature  of  1160  K. 

The  mathematical  analyses  finally  yields  values  at  298^K  of 
•143.5  •  6  kcal/mole  for  and  53.1  •  4  cal/o/mole  for  S  of  the  molecule 
BOF(g) .  Table  IV  compares  these  values  with  the  theoretical  and  those 
previously  reported .  ^ 

Agreement  is  excellent  between  the  calculated  and  observed  values. 

D.  Reactivity  of  SiO^  and  BFj 

Some  question  as  to  the  relative  reactions  between  BF~  with  quartz 

'*7 

and  boric  oxide  have  been  raised  by  the  statements  of  Fisher  et  al  and 
Hiidenbrand .  ^ 

The  following  experiments  performed  in  this  laboratory  Indicate  that 
620^  is  much  more  reactive  than  quartz  under  the  conditions  in  which  the 
experiments  were  performed  for  the  trimer  and  monomer  of  BOF. 

1 .  Two  pounds  of  BF^  were  passed  through  the  quartz  reaction 
beads  with  negligible  amounts  of  reactivity.  In  one  experiment  1  1/2  grams 
of  B2O2  were  placed  in  a  quartz  boat  at  400°C  and  BF^  at  a  pressure  of  one 
atmosphere  was  passed  over  the  boat  for  a  period  of  two  hours.  The  entire 
1  1/2  grams  of  B2O2  was  consumed  while  the  weight  of  the  boat  remained  con- 


Where  A  S|^ 


^  O 

The  value  obtained  for  of  the  reaction  at  1160  K  is  71 .3  e.u.  Employing 
the  JANAF  Data^  a  value  of  S  at  1160°K  for  BOF(g)  of  68.95*  5  cal/o/mole  is 
obtained.  This  compares  with  the  value  of  70.7  cal/o/mole  which  iS  listed  in 
the  JANAF  Tables^. 


TABLE  m 


RESULTS  OF  A  LEAST  SQUARES  TREATMENT  OF  THE  DATA 


* 

^&Sr 


71. 3  eu 
16. 1  eu 
134.8  kcal 
18.6  kcal 


^Standard  Deviations 


i  ( I 
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TABLE  IV 

THERMODYNAMIC  PROPERTIES  OF  MONOMER  BOF  AT  298^ 


"f298^ 

®298^ 


Theoretical  Experimental  Experimental 

kcal/o/moie _ kcal/mole _ kcai/mole _ 

-142.9  -143.5  -  6.2  -142  -3 

54.2  cal/^/mole  53.1-4.2  cal/o/mole 


^Reported  in  JANAF  Tables^ 

**LeastSquarei Analyses  of  Experimental  Data^ 
***Third  Law  Calculation  of  Experimental  Data^ 


( 


c 
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(  stant  to  -  1  mtlUgfam. 

2 .  In  another  experiment  a  spillage  of  approxlroately  one  gram  of 
B2O3  was  cleaned  out  from  the  quartz  apparatus  by  passing  BF3  over  the  hot 
liquid  with  no  apparent  reaction  taking  place  with  the  quartz . 

The  following  free  energy  calculaUons  also  support  the  non-reacUvity 
between  quartz  and  BF3 .  Employing  the  JANAF  Thermochemical  Data^  for  the 
following  reactions 


6BF3  +  3Si02(a)  -  3SiF^(^  2(BOF)3(^ 

(25) 

BFo-i^  8203(1)  -(BODol^. 

(26) 

A  free  energy  of  AF  « -t-as  .58  kcal  and  •(■36.48  kcal  is  obtained  for  reaction 
(25)  while  a  free  energy  of  AF  ■  +5.32  kcal  and  •f6.52  kcal  is  obtained  for 
reaction  (26)  at  temperatures  of  1000  and  1300°K,  respectively. 


(  ) 
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IV.  THERMODYNAMICS  OF  THE  TRIMER  01802)3 
A.  IntroducUon 

RecenUy  Metchl,  Chupka.  and  Bcrfcowitc^  made  a  atudy  of  the 

reaction 

I/2B2O3O)  +  l/lHjOCg)  iz^HBOjCg)  (27) 

In  the  temperature  range  bet%veen  1000  to  ISOO^  by  meana  of  maaa  apectroacopy. 
Their  experimenta  urere  carried  out  at  a  totai  preaaure  of  about  0. 1  mm  of  Hg. 

At  thia  preaaure  they  found  that  the  apeciea  (HB02)3  and  H3BO3  were  aiao 
proaent  and  each  to  the  extent  of  about  1%  of  that  of  the  monomer  HBO2* 

Theae  apeciea  are  formed  by  the  foliowing  reaciiona: 

I/2B2O3 0)  +  3/2H20(g)  J=S  H3B03(g)  (28) 

and 


3/2B2O3O)  +  3/2H20(g);z=*(HB02)3(g) 


According  to  the  theory,  an  increase  in  the  total  pressure  should  increase  the 
concentrations  of  H3BO3  and  (HB02)3.  Accordingly,  in  the  present  work  we 
have  passed  argon  at  one  atmosphere  and  saturated  with  water  vapor  over 
the  B2O3  in  the  reaction  vessel. 

B.  Mathematical  Analysis 

In  the  mathematical  analysis  of  the  conditions  which  hold  at  equi* 
librium,  it  will  be  assumed  that  reactions  (27),  (28)  and  (29)  all  occur  at 
every  temperature  being  considered.  In  the  derivations  which  follow,  the 
following  expressions  will  be  used: 

P  =  the  total  pressure  in  the  gas  phase  over  the  reaction  zone. 

P  =  1  (30) 

V  =  the  volume  of  the  transpired  gas  at  the  reaction  tempera- 


HoO 

fA 


ture. 

=  moles  of  H2O  which  leave  the  reaction  zone. 

=  moles  of  argon  which  leave  the  reaction  zone. 
=  moles  of  HBO2  which  leave  the  reaction  zone. 
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c 

^H3B03 

r(HB02)3 

'B2O3 

3  moles  oC  H3BO3  which  leave  the  reaction  zone. 

3  moles  of  fHB02)3  which  leave  the  reaction  zone. 

3  moles  of  B2O3  which  react  and  leave  the  reaction  zone 

*  ^'^^^(HB02)3 

(31) 

’'H2O 

3  partial  pressure  of  H2O 

**H20  “  ^HjO 

(32) 

3  partial  pressure  of  argon 

Pj^  =  r^RTA 

(33) 

’’hBOj 

3  partial  pressure  of  HBO2 

'*HB02  “^HB02 

(34) 

C' 

'’H3B03 

3  partial  pressure  of  H3BO3 

'’HsBOs  '  fHjBOj 

(35) 

’’(HBOjjj 

3  partial  pressure  of  (11602)3 

1 

*’(HB02)3  "" 

(36) 

t 

( 

1 

=  equilibrium  constant  for  reaction  (27) 

HBOg  '  HgO 

(37) 

] 

■'2 

=  equilibrium  constant  for  reaction  (28) 

[ 

f 

K  3  p  /  p 

*^2  H3BO3  '  *^H20 

(38) 

'  c 

i 

1 
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Kg  *  equillbrluin  constant  for  reaction  (29) 

*^3“*'(HB02)3'^*‘h20 

The  total  pressure  In  the  gas  phase  in  eguiUbrluro  over  the  condensed  phase  is 
equal  to  the  sun  of  the  partial  pressures. 


**  *  ^  **HB02  *  *  **(HB02)3  ^ 

On  dividing  equaUons  (33) «  (34) «  (35)  and  (36)  by  equaUon  (32),  we  obtain 
the  following: 

/  _  \ 


'hbo. 


I  "3*031 

’’"3*03 V 


(HBOj), 


(HBOglg 


Upon  substituting  equations  (41),  (42),  (43)  and  (44)  into  equation  (40)  we 


obtain 


Tl  +^BO,  +  OljBOj  +  QhBOJ 


The  material  balance  given  by  equation  (31)  rearranges  to  give 

iP  ~r 

n  B«o,  'h,bo, 

'(HB02)3=  - ^-^-3 - 
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On  subsUtuUng  equation  (46)  for  ^"(11802)3  OQuation  (45),  we  obtain 

.  I  («) 


P»P, 


H2O 


H2O 


Upon  substituting  equations  (37)  and  (38)  for  P||bq2  ^113803  •<luatlons 
(42)  and  (43)  respectively,  we  obtain  the  following: 


^HB02  “  p  l/2 


H2O 


^“3803  *  K2**H2oTf20 

On  substituting  equaUons  (48)  and  (49)  into  equaUon  (47),  we  obtain 


(48) 


(49) 


1  I  3r. +2ri»n 

[^]p3/2  .  ,  ^  *2^3  ,  p  + 

'  3  pHjO  3rjjo  I  * 


1/2 


(50) 


Once  Kj,  K3,  Tg  ^  and  Tjj  q  are  known  for  a  particular  run,  it  should 
be  possible  to  solve  equation  (50?  for  Pjj^o*  solution  of  the  equation  is 
easily  accomplished  by  a  method  of  iteration* 

Upon  substituting  equation  (39)  for  Buno Into  equation  (44) ,  we 


obtain 


r  =K  r 

'  (HB02)3  '^3*^H20  '  H2O 


(51) 


On  substituting  equations  (48),  (49),  and  (51)  into  equation  (31)  and  rearranging 
terms,  we  obtain 


(52) 
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To  evaluate  K3  the  value  of  P||^q  obtained  from  equation  (50)  is  substituted 
along  %dth  the  other  necessary  quantities  into  equation  (52)*  The  evaluation 
of  K3  requires  a  prior  knowledge  of  the  values  of  K ^  and  1^2*  values  of 
K|  were  taken  from  Ref.  9,  and  the  values  of  K2  were  obtained  from  Ref.  2. 

C.  Experimental 

Figure  4  Is  a  diagram  of  the  apparatus  used.  Argon  at  a  pressure 
of  one  atsiosphere  eras  passed  through  a  drying  tower  filled  with  anhydrous 
CaCl2*  The  dry  argon  was  saturated  vrith  water  vapor  at  room  temperature 
by  passing  it  through  water  which  had  been  previously  weighed.  The  gaseous 
mixture  was  then  passed  through  a  quartz  tube  and  over  a  platinum  boat  con- 
taining  the  B2O3  at  a  controlled  temperature.  The  transpired  gas  was  collected 
over  water.  The  03^3  been  preheated  to  constant  weight  at  1200^  and  a 
pressure  of  one  micron.  The  platinum  boat  was  placed  inside  a  quartz  boat 
so  that  any  B2O3  overflowing  it  would  not  come  in  contact  with  the  quartz  tube. 
The  ftimace  temperature  was  controlled  automatically  within  a  range  of 
1 10^  in  each  of  the  experimental  runs.  The  length  of  time  for  the  experimental 
runs  varied  between  6  and  72  hours. 

The  correct  flow  rate  of  the  gaseous  phase  over  the  solid  or  liquid 
phase  is  of  utmost  importance  in  transpiration  theory.  In  order  to  ascertain 
the  proper  flow  rate  for  the  establishment  of  equilibrium,  numerous  experimental 
determinations  of  K3  were  made  as  a  function  of  the  flow  rate.  A  plot  of  K3 
versus  the  flow  rate  is  shown  in  Fig.  5.  The  figure  shows  the  equilibrium  zone 
to  be  between  2. 0  and  3. 0  cc  per  minute  at  a  temperature  of  1316^.  Although 
numerous  data  have  been  taken  to  date,  only  those  data  taken  at  flow  rates  of 
between  2.0  and  3.0  cc  per  minute  are  reported  in  the  following  section. 

The  results  of  the  preliminary  experiments  having  the  proper  flow 
rates  are  listed  in  Table  V.  The  free  energies  listed  in  Table  V  were  obtained 
from  the  classical  thermodynamic  relationship 


OF  =  -  RTlnK3 

The  partial  pressure  ratios  listed  in  columns  8  and  9  were  evaluated  by  means 
of  equations  (37).  (38)  and  (50).  Since  the  optimum  flow  rate  has  been 
determined  at  only  one  temperature,  i.e.  at  1316*^.  a-:  least  squares  analysis 
of  the  data  for  the  entropy  and  enthalpy  changes  of  the  reaction  will  be  deferred 
until  more  data  are  available. 
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D.  Future  Work 

(  During  the  next  period  we  plan  to  determine  the  equilibrium  constant 

for  reaction  (29)  at  ten  or  more  different  temperatures  after  having  determined 
the  optimum  flow  rate  at  each  temperature* 
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